Hot compression tests are performed when jaws, each one with a jacketed section to cool a part of its length, move through a tube furnace at elevated temperatures to compress a metal sample between them, changing the boundary conditions and the temperature distribution inside the furnace during the test. This paper presents a preliminary study about the variation of temperature inside a furnace for hot compression tests, when the jaws are positioned inside it. It also proposes a theoretical simulation to determine the temperature profile in the furnace, which is compared with experimental measurements. Both experimental measurement and simulation showed that the temperature inside the tube furnace for hot compression tests is not uniform. By comparing the simulated values with experimental measurements, it can be concluded that the simulation proposed in this paper is a useful tool which estimates the temperature inside a tube furnace in hot compression tests with an acceptable approximation (error less than 4.73%).
Introduction
Most industrial hot forming processes are developing during the cooling of the material being worked. It is not possible to completely insulate the working material, therefore the forming cannot be performed under adiabatic conditions [1, 2] .
Extensive studies of hot forming processes, like rolling, wire drawing, and extrusion show that the temperature is one of the process variables that most affect the mechanical behavior of metals and alloys [3, 4] .
Hot compression tests can better describe the mechanical behavior of metals and alloys during hot forming operations [4] . This has increased the interest in the study of these tests, for example, those made by Kolmogorov [5] in 1937 and Lutton and Sellar [6] in 1969, and more recently those by Cabrera et al. [7] in 1997, Garcia et al. [8] in 2001, Omar et al. [9] in 2006 and Torrente et al. [2] in 2011. As a result of their studies, they all agree that temperature plays an important role in the mechanical behavior of hot formed materials; therefore, it is of interest to understand the thermal behavior inside furnaces used in hot compression tests. This test involves compressing a sample or metallic specimen between the flat faces of two jaws subjected to a test press. During compression, both the specimen and the uncooled portion of the length the jaws, are inside of tube furnace. To perform the test at high temperatures, the furnace is turned so that the sample reaches the desired temperature, but there are discrepancies between the furnace temperature and that of the specimen, making it difficult to establish a value for the temperature when evaluating the behavior of the compressed metal. Therefore, it is important to use numerical simulation to establish and to predict the variation of the temperature inside the furnace, particularly in the region between the jaws. Fig. 1 shows the experimental setup for hot compression tests in the mechanical properties laboratory of the Simon Bolivar University [2, 10] .
The study of the temperature profiles inside furnaces has been of interest since they began to be used in the Roman era, but only recently, with the popularization of computers, it has been possible to simulate numerically these profiles. Thesis and articles have developed several numerical simulations to clarify thermal profiles in different furnaces, such as the studies presented by Zhaoa et al. [11] , Paulsen et al. [12] , Ahanj et al. [13] , Cawley et al. [14] , and Obregon et al. [15] and the theses of Gomez [16] , Lee [17] and Courtin [18] . These works developed numerical and experimental studies on different types of natural convection furnaces used for various applications, none of them used for compression tests. The main difference is that in the present work, refrigerated jaws enter the furnace, modifying the temperature profile inside it. This paper presents a preliminary numerical analysis which aims to study the effect of the distance between the jaws in the temperature distribution inside an electric resistance tube furnace for compression tests. The results are compared with some experimental measurements to validate their approach.
Experimental measurements
Equipment for performing hot compression tests is shown in Fig. 1 and the experimental setup to measure the temperature, at different points in the furnace for hot compression tests, is shown in Fig. 2 .
The experimental setup in Fig. 2 shows an electric resistance furnace ATS ® 2961, with a cylindrical body of 25 mm internal radius (R) and 80 mm length (L), whose temperature profile is desired to be established in this work. Also, it shows a detail of the opened furnace and the jaws inside it; these last are solid cylinders of steel AISI H-30 of 15 mm radius and 200 mm length and are used in order to compress metallic samples. These jaws are cooled in order to maintain the temperature in the load cell within its operating range. Therefore, each jaw has a jacketed section of 150 mm length refrigerated with ethylene glycol (Fig. 2 e) and a non-jacketed section of 50 mm length (Fig. 2-f) ; the last section has a radius of 15 mm which can be introduced inside the furnace.
Experimental temperature measurements were carried out at two points inside the furnace: in the center of the furnace ( Fig. 2-a) and on furnace wall (Fig. 2-b ) with a type K Thermocouple, recording the temperature of the furnace center with a multimeter MASTECH ® MAS-345 (Fig. 2-c) , and on the furnace wall with a pyrometer TAIE ® FY400 ( Fig. 2-d) .
The Saws areare centered inside the furnace in order to perform the temperature measurements ( Fig. 2-f ) with specific separations between them of 80, 60, 40, 20 and 0 mm. Once centered, the furnace is closed and the temperature is set to 1273 K. Then the registration of temperatures is carried out with the multimeter and the pyrometer (Figs. 2-a and 2-d, respectively) for the necessary time until they stabilize at a value. The ambient temperature and that registered at the beginning of the test were both 298 K. Forty measurements were recorded of the temperature in the center and on the furnace wall, for each distance between the jaws, performing each experiment in triplicate.
The graphs in Figs. 3 to 5 illustrate some of the curves obtained from experimental temperature measurements made in the center and on the furnace wall when the jaws were separated from each other a distance of 80 mm, 40 mm and 20 mm, respectively. In all of them it is observed a similar behavior, with a rapid rise in temperature to reach the steady state. Fig. 3 shows the results of the tests when the jaws were 80 mm apart. This figure shows the temperature values in the center and on the furnace wall are similar during heating, the temperature on the furnace wall was only 15 degrees higher. Figs. 4 and 5, show that the difference in temperature between the center and the furnace wall increases and that this difference increases as the jaws move closer. For the curves in Fig. 4 , the temperature of the furnace wall is 58 K higher than the temperature in the center, while for Fig. 5 this difference increases to 118 K.
All of the experimental measurements (Figs. 3, 4 and 5) show that at the beginning of the test, the temperature in the center of the furnace is slightly higher than that of the wall. Later on, the temperature on the wall is higher than in the center, and this remains so, even in steady state. This interesting unsteady behavior was not studied numerically, but is worth noticing that it is possibly due to heat transfer to the still cold wall of the furnace being greater than the heat transfer toward the center of the furnace.
Governing equations
The finite difference method is used to perform the simulation of the temperature profile, using equations of heat transfer. The simulation was carried out in a control volume of cylindrical geometry, defined by the inner walls of the furnace and half the distance between the jaws (yellow box, Figs. 2 and 6). The Figs. 3, 4, and 5 show that at steady state, after 40 minutes, the distance between the jaws changes the temperature in the center and in the wall of the furnace. In order to clarify how changes the temperature profile inside the furnace with the distance between the jaws, we proposed a numerical simulation. To do this, we used equations to evaluate the values of temperature inside the furnace.
Heat Balance
To determine the temperatures on the boundary of the furnace, we assumed that: 1) the furnace has reached steady state, 2) the interaction of the system with the environment is closed, 3) the temperature of the furnace wall is uniform, and 4) the environment is a heat reservoir, and its temperature is ambient. The temperatures of the furnace wall TP, the average temperature in the furnace TH, and the jaws temperature TM, were determined according to the eq.
Eq.
(1) means that the heat transmitted from the inner walls of the furnace toward its center, escapes through the jaws.
In Eq. (2) heat generated by the resistance of the furnace travels to the environment by the outer walls of the furnace and by the cooling system of the jaws.
Eq. (3) means that heat transmitted to the jaws is the same exiting the jacketed length of the jaws.
We assume that Q is equal to the energy consumed by the resistance (value provided by the manufacturer and is equal to 550 watts), Ae is the equivalent area of heat loss in the furnace walls defined by 2πreL; the coefficient of forced convection between the jaw and coolant is hW and the thermal resistance of the walls of the furnace is Res:
R and re are shown in Fig. 6 . To determine the coefficients of effective convection, we assumed the same values for hHM and hPH, and we perform the next iteration inside the furnace: we calculate the three temperatures, TP, TH and TM with eq. (1) 
Temperature profile
After determining the temperatures on the jaws and the walls of furnace, we proceeded to simulate the temperature profile inside the furnace by means of the balance of heat, eq. (10), and its boundary conditions, eq. (11)- (12) . In this heat balance, it was assumed that the system is closed, with axial symmetry, without variation in the angular direction and steady state. The control volume considered is the space confined by the inner wall of the tubular furnace and half the height between the jaws (z = Z/2). The origin is considered to be at the center of one of the jaws (see the yellow box in Figs. 2 y  6 ). The system of equations (eq. 10-12) is solved by finite difference, applying the algorithm of Thomas, where TP, TM, and TH were already calculated with the eq.
(1)- (3) and T|Z = 0 was determined with eq. (13). 
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K is the thermal conductivity of the air inside the furnace, according to Kreith [19] .
Petter et al. [20] , Torrent et al. [21] and Obregon et al. [15] have already used the eq. (10), heat balance, to determine the profile of temperature of a gas confined in a cylindrical geometry.
The values considered for the boundary conditions were: along the axis of the furnace the temperature takes the minimum values (eq. 11) and the temperature in the vicinity of the wall of the furnace is approximate to the temperature on the furnace wall (eq. 12).
The temperature inside the furnace, when the jaws are closed (Z = 0), was determined by the balance of eq. (13).
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The heat balance (eq. 10) takes into account the transfer of heat due to velocity and temperature profiles inside furnace.
The velocity profile inside the furnace was determined using the relationship of Navier-Stokes (eq. 14) in cylindrical coordinates, the state equation of an ideal gas and as a boundary condition it was assumed that the velocity is zero at the walls of the furnace, and it presents a maximum on the axis. This boundary condition has been used by Torrente et al. [2] and Cuadrado et al. [26] .
The value considered for viscosity, η, in the equations (10) and 14, is 0.0000175 [g/mm*s].
The Navier-Stokes Equation (eq. 14) has been used to determine velocity in free convection furnaces, for example, in research conducted by Gomez et al. [16] , Courtin et al. [18] , Lee et al. [17] , Cawley et al. [14] , and Obregón et al. [15] .
To solve the differential equation (eq. 14) we used the finite difference method and with the state equation of ideal gas and its boundary condition, we obtained three tridiagonal matrices. These three tridiagonal matrices were resolved simultaneously with the Thomas Algorithm to obtain the three components of the velocity profile.
Simulation results
The results of the simulation in Figs. 7, 8 and 9 show that the temperature inside the furnace is not uniform, being colder near the refrigerated jaws (height = 0 mm) and at the axis of the furnace (radius=0 mm) and warmer near the walls of the furnace (radius=25 mm). Fig. 7 shows that the highest temperature of the furnace is recorded at a height of 40 mm and a radius of 25 mm, just right on the inner wall of the furnace. This same figure also shows that at a height of 40 mm, right in the middle of the two jaws, there is a difference in temperature of 119 K between the center (around 1113 K) and the wall of the furnace (approximately 1232 K); in the vicinity of the jaws it is observed that the difference in temperature between the same points is similar. The difference observed between the furnace inner walls toward its interior becomes more abrupt in the vicinity of the jaws (height = 0 mm), because the temperature on walls of the furnace was assumed to be constant and the jaws are refrigerated.
When the jaws move towards the inner of the furnace, the temperature inside it decreases as might be expected, since a cooled body is being introduced inside the furnace (Figs. 8 and 9 ).
Another feature that can be seen by comparing Figs. 8 and 9 with Fig. 7 , is that as the jaws advance towards the inside of the furnace, the difference in temperature between the furnace wall and the center increases, from a difference of 119 K, with 80 mm clearance between the jaws, to 350 K and 400 K, for 40 mm and 20 mm of separation, respectively; this is also appreciated in experimental measurements, although in lesser magnitude (see Figs. 3, 4 and 5) . This discrepancy is because the simulation determines the temperature of the furnace and not the temperature measured by the thermocouple, for which the heating by radiation experimented by the thermocouple must be considered; this correction can be seen in eq. (15) .
Boundary conditions similar to those used in this work, were used by Paulsen et al. [12] in their investigation, in which the temperature of the wall of the heating cylinder was 100°C and the temperature the gas at the entrance of the heating cylinder was at room temperature. It is worth noting that their heating system was used for a different function, as an organic particle nebulizer. Without neglecting the differences in the magnitudes of temperature between the work of Paulsen et al. [12] and this study, the behavior of temperature profiles determined in both studies (Figs. 7, 8 and 9 ) are very similar.
Hipolito [22] in his thesis also presented twodimensional temperature profiles, this time for a cylindrical furnace used in pyrolysis for biomasses. The behavior of the temperature profile in his work is also similar to those obtained in this work, with the difference that the furnace of Hipolito [22] was considered opened, with a slight current of ambient temperature air entering the furnace. His conclusions are consistent with the results obtained in this work: as it moving away from the ends of the furnace, the decrease of the temperature in the radial direction is less abrupt. Hipolito [22] determined these profiles using ANSYS FLUENT CFD®. In this work the simulation was conducted in finite difference, generating the mesh with the Thomas algorithm and using Visual Basic.
Experimental comparisons
To compare the simulated values of temperature inside the furnace with those measured experimentally, it was necessary to estimate the temperature that the thermocouple should have registered, TTr (Tc.Sm.Tr in Fig. 10 ), due to radiation between the furnace and the thermocouple, with Tc= T|z=L/2, r=0, from eq. (15) [19] . 
The value considered for emissivity, ε, in the eq. (15), is 0.7. This value for oxidized steel is between 0.6 and 0.95 [24] The simulated values of the temperature in the center of furnace (Tc.Sm) were compared with the corrected values of temperature (TTr in eq. 15) that should be recorded by the thermocouple (Tc.Sm.Tr) and those measured experimentally (Tc.Exp). These values are presented in Fig.  10 .
It is important to note that theoretically the temperature in the center of the furnace (T|z=L/2;r=0=Tc.Sm.) is not the same that can be registered with a thermocouple (Tc.Sm.Tr), and this difference increases with the separation between jaws. This difference is minor when the jaws are in the center of the furnace (see Fig. 10 ). The differences between the simulated values and the experimental measurements of temperatures inside the furnace were expected, because in the simulation we calculated only the temperature of the air inside the furnace (T in eq. 10). However, the thermocouple inside the furnace is heated by radiation from the electric resistance at the furnace wall, therefore, the temperature of the thermocouple is higher than the air inside the furnace, (eq. 15). Fig. 10 shows that the difference between the temperatures simulated in the center (Tc.Sm) and on the wall (Tp.Sm.) of the furnace is greater when the jaws are separated from each other.
The temperature values obtained from the simulation are close to experimental measurements (see Fig. 10 ), taking into account the assumptions that were used to simplify calculations in the simulation: steady state, closed system, continuous power of 550 Watts to the resistance, and that the temperature of the jaws and the coefficient of effective convection are uniform.
When comparing the values of temperature of the furnace wall measured experimentally (Tp.Exp. Fig. 10 ) with those obtained theoretically in the simulation (Tp.Sm. Fig. 10 ), it can be seen that only at a point, at 20 mm separation between the jaws, the results of the simulation are 33.11 K above the value measured experimentally, which represents an error of 3.18%; in all other cases, the simulation results predict satisfactorily the experimental values.
In the case of temperatures in the center of the furnace, the prediction of the simulations, when radiation between the furnace and the thermocouple is considered, is satisfactory up to 40 mm separation of the jaws, from there, the difference between the experimental and simulated values (which the thermocouple should register) increases. Over 40 mm of clearance between the jaws, the maximum discrepancy was found to be as 60 mm of separation, the temperature recorded experimentally (Tc.Exp. Fig. 10 ) being 50.76 K greater than what the thermocouple should register (Tc.Sm.Tr Fig. 10 ), which is equivalent to a maximum error of 4.73%.
Based on these results, the proposed simulation could be a useful tool to predict, with an acceptable approximation, the temperature of compression test specimens up to 40 mm length and diameters smaller to 26.67 mm, according to the standard ASTM E209 [23] .
Conclusions
In the heating system for hot compression testing, jaws should be refrigerated in order to maintain the temperature in the load cell within its operating range. This produces heat loss by the jaws and makes the values of temperature in their vicinity lower than in the rest of the furnace. This behavior generates a peculiar temperature profile inside the furnace, the temperature being lower in the center than on the walls. When the jaws are farther from the center of the furnace, the temperature in its interior will be greater and the decrease in temperature in the radial direction will be less.
The simulation that is proposed in this paper represents a useful tool which can be used to estimate, with an acceptable approximation (less than the 4.73% error), the temperature inside the furnace during hot compression tests. *η and K from [19] and Cp from [25] 
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